Scanning probe microscopy nanotribological experiments on thick polystyrene films have been performed that support the hypothesis that crazing is the mechanism of 'bundle' formation. In these fatigue studies, surface patterning appears abruptly at a critical friction, and can either occur spontaneously or be triggered by surface imperfections. After pattern initiation, progressive scanning smoothly increases surface roughness. Friction histograms of these in situ patterned surfaces reveal two distinct friction regions that are statistically correlated with the topography. Using a topography-friction cross-correlation function, high friction was found to coincide with topographic troughs.
INTRODUCTION
Scanning the surface can induce a regular oscillatory topography, termed 'bundling,' which has been evidenced in a variety of polymeric materials. [1] [2] [3] [4] [5] [6] [7] [8] The mechanism of formation of bundles has been ascribed variously to a stick-slip phenomenon, 8 a crazing phenomenon, 6, 9 and to crack propagation in advance of the tip. 7 The goal of these studies is to understand nanoscale wear mechanisms of a glassy polymer using scanning probe microscopy to mimic a single asperity contact.
NOMENCLATURE
None.
EXPERIMENTAL AND DATA ANALYSIS METHODS
Micron-thick polystyrene films of 100K MW were prepared using solvent casting and were tested using a Molecular Imaging AFM equipped with an RHK, Inc. controller. All studies were performed under dry nitrogen. Experimentation employed the same Si 3 N 4 cantilever tip having a nominal spring constant of 0.39 Nm -1 . Quantification of friction and topography data is accomplished through histograms and cross-correlation functions. The friction image is obtained pixel-by-pixel from the subtraction of the trace and retrace lateral force images. Prior to averaging, these images are shifted spatially to account for piezo drift, finite cantilever torsion during scanning, and topographic effects. Residual or intrinsic correlations between friction data f and topography t can be quantified using a crosscorrelation function (Eq. 1), where R ft,k is the value of the normalized correlation of the friction at pixel i and the topography at pixel i+k. An R ft,k = 1 indicates a perfect correlation.
RESULTS
The evolution of the friction during progressive scanning at constant loads is shown in Fig. 1 . The average friction is across a 1 μm square surface. At the loads below 2 nN, no measurable change in friction occurs. At an intermediate load, the friction remains constant for a few scans, then steadily increases with subsequent scans. This transition is marked by the appearance of surface patterning at scan 5 and beyond. At loads sufficiently high to cause large undulations upon the first scan, the friction again steadily increases with scanning. Fig. 2 shows the evolution of topographic features during multiple scans at a load of 2.42 nN. The surface is unchanging during the first four scans (Fig. 2a-d) . Friction histograms are shown in Fig. 4a-c . Under loads insufficient to deform the surface, the distributions are Gaussian (Fig. 3a) . Further, no correlation exists between friction and topography, as expected (R ft,0 = 0.0). Deformation occurs on the fifth scan, commensurate with an increase in friction, where a regular pattern appears spontaneously at the bottom (Fig. 2d) . At this point, the friction distribution becomes bimodal: a lower Gaussian friction distribution corresponds to the top, unchanged region, while a higher Gaussian friction corresponds to the region of pattern formation (Fig. 3b) . Further, finite friction-topography correlations appear (R ft,0 = -0.4). The negative correlation indicates that the friction is highest in the depressions. Subsequent scans create progressively larger topographic amplitudes while the friction distribution shifts to the higher value and returns to a more unimodal distribution, albeit skewed to higher friction values (Fig. 3c) . Once features are formed, correlations between friction and topography remain fairly constant (R ft,0 = -0.6), and continue to be negatively valued, indicating that the friction is highest in depressions.
DISCUSSION AND CONCLUSIONS
In many respects, the surface patterning results obtained here on bulk polystyrene surfaces qualitatively match those obtained from studies of bulk and molecularly thin glassy polymers. Two differences between this study and previous studies is the observation of measurable correlation between regions of high friction and topographic depressions, and a discontinuous roughening of the surface at intermediate and high loads.
It has been suggested that a bimodal distribution signals a crazing process. 6 A higher friction is ascribed to fibrillar regions on the surface of glassy polymers, akin to those formed during extensional fracture testing of bulk specimens. The formation of fibrils results in a local reduction in density and an increase in compliance of the polymer. The increased compliance leads in turn to an increase in energy dissipation (friction). The crazing hypothesis is consistent with the trends in friction during multiple scanning at constant load observed in Fig 1. With repetitive scanning, additional crazing occurs, leading to a progressively higher surface average friction. We find that the friction is highest in the depressions. Fluctuations in friction leads to regions that are stressed parallel to the surface: these regions become additionally less dense, leading to a depressed topography when scanned. The depressions are self-supporting: upon subsequent scans, the higher friction, depressed regions craze further, leading to a still higher friction and deeper depressions (witness the acceleration in rms roughness with increasing scans in Figs. 2a-h ).
The discontinuous transition to a patterned surface with increasing scans is intriguing, and has not been reported in nanometer thin films of glassy polymers. Based on Fig. 1 and other data, it appears that a critical friction force is required to initiate patterning. For loads insufficiently high to generate a steady friction increase over time, no patterning is observed regardless of the number of scans. At intermediate loads for which the friction changes with scanning, the transition to patterning consistently begins when the friction reaches the critical value. At loads that generate friction exceeding the critical value, patterning is initiated with the first scan.
